Introduction {#S0001}
============

Ovarian cancer is associated with the worst prognosis among gynecological malignancies. In the United States, 22,400 women were diagnosed with epithelial ovarian cancer (EOC) in 2017.[@CIT0001] Most patients (≈65%) were diagnosed with stages III or IV,[@CIT0002] and 14,080 women died because of EOC.[@CIT0001] In China, ovarian malignancies take the third place in the incidence of gynecological malignancies, just behind cervical malignant disease and uterine corpus cancer.[@CIT0003] EOC accounts for more than 80% of the ovarian cancer,[@CIT0004] with 52,100 new cases and with a high mortality rate.[@CIT0005] According to an estimate from the American Cancer Society, patients with EOC had a poor survival with a 5‐year survival of 46%.[@CIT0006] Regrettably, in the last few decades, although the latest introduction of immunotherapy and targeted therapy brings new hopes for patients with EOC, but the 5-year survival rate has not been improved significantly with these agents. Therefore, new therapeutic targets and anticancer medicaments urgently need to be developed.

Sphingolipids, as membrane components, are ubiquitous in all eukaryotic cells. Known as important signaling molecules, sphingolipids are involved in regulating many key cellular functions.[@CIT0007] The activation of SphK leads to the phosphorylation of sphingosine to form sphingosine-1-phosphate (S1P), which is a well-known key molecule in phospholipid metabolism. It can promote a number of malignant behaviors, including cell survival, migration, invasion, angiogenesis, differentiation, and immune cell modulation.[@CIT0008],[@CIT0009] SphK is involved in the regulation of S1P metabolism and serves as a signaling molecule regulating tumor cell survival and apoptosis. SphK inactivation leads to the accumulation of S1P precursors, including reducing oncogene activity, bringing about cell apoptosis and growth arrest.[@CIT0008],[@CIT0010] Two subtypes of SphKs exist in mammals, SphK1 and SphK2. The role of SphK1 in tumorigenesis, cancer development, and chemotherapy resistance has received much attention. SphK1 has been considered as a prognostic marker for tumors. Also, the oncogenic role of SphK1 has been deeply studied in EOC.[@CIT0011],[@CIT0012] Another subtype of SphK, SphK2, plays a relatively complex role in tumor formation and development. The gene encoding the SphK2 locates on chromosome 19 (19q13.2).[@CIT0013] In normal cells, SphK2 plays a role in promoting cell apoptosis and inhibiting cell proliferation, while in malignant tumors, SphK2 can accelerate cell proliferation, inhibit cell apoptosis, and promote the progress of cancer.[@CIT0014]--[@CIT0018] SphK2 is overexpression in many human cancers. It has been showed that low-level SphK2 overexpression could promote cell proliferation and survival.[@CIT0019]

Lots of results support the use of SphK2-specific inhibitors as anti-cancer agents. In a range of cancer cell lines, targeting SphK2 has showed more effective anti-tumor effect than targeting SphK1.[@CIT0020] A small molecule inhibitor, ABC294640 has been described as a highly selective inhibitor of SphK2.[@CIT0021] Some recent studies showed that ABC294640 could suppress the growth of prostate, lung, rectum, breast, and pancreatic cancer.[@CIT0022],[@CIT0023] Meanwhile, ABC294640 showed the similar efficacy of chemotherapy in vivo without systemic toxicity. A phase I clinical trial of ABC294640 in patients with advanced solid tumors has been completed. It is worth highlighting that the result of that clinical trial demonstrates pharmacologic inhibition of SphK2 and anti-tumor activity of ABC294640.[@CIT0024] However, the possible role of ABC294640 in treating EOC and the potential signaling mechanisms has been poorly understood. Therefore, our study aimed to investigate the following: (1) whether the inhibitor of SphK2, ABC294640, inhibited EOC cell growth; (2) whether ABC294640 modulated the survival of EOC cells by altering cell cycle and apoptosis; (3) by which pathway, ABC294640 changed the biological behavior of EOC; and (4) whether ABC294640 had therapeutic activity with altering the state of tumor growth in vivo.

Material and methods {#S0002}
====================

Cell lines and cell culture {#S0002-S2001}
---------------------------

Human EOC cell line SKOV3 was purchased from the American Type Culture Collection (VA, USA). HO8910 was obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). The cells were tested to confirm no mycoplasma and no cross-contamination. They were cultured in DMEM medium (Hyclone, USA) with 10% fetal bovine serum (Gibco, USA) and 1% penicillin/streptomycin (Sigma, USA). They were incubated in a thermostatic humidified cell incubator with 5% CO~2~ at 37°C. All cells used in experiments underwent no more than 20 passages.

Chemicals and antibodies {#S0002-S2002}
------------------------

ABC294640 and MG132 were provided by Selleck (Shanghai, China). ABC294640 and MG132 were dissolved in DMSO for further use. Antibodies against SphK2, GAPDH, and c-Myc were bought from Abcam (Cambridge, UK). Antibodies against cyclin D1, cyclin B1, *P*-Rb, cleaved-caspase 3 and Bcl-2 were ordered from Cell Signaling Technology (Shanghai, China).

Cell viability assay {#S0002-S2003}
--------------------

The CCK-8 assay from Dojindo (Kumamoto, Japan) was used to investigate the viability of EOC cells. SKOV3 and HO8910 cells were seeded in a 96-well plate with the density of 3×10^3^ cells each well. Then, the cells were treated with ABC294640 at different concentrations up to 200 μM or 0.1% DMSO (vehicle control) for 72 hrs. At the indicated time point, the original medium was removed, and 100 μL of the medium with 10% CCK-8 solution was added to each well. After incubation at 37°C for 2 hrs, optical density (OD) values were measured in a microplate reader (Multiscan MK3; Thermo Scientific, USA). Then, the cell viability was calculated using the following formula: OD values of treated groups/OD values of vehicle control groups ×100%. Finally, the 50% inhibitory concentration (IC50) value was determined using GraphPad Prism 5.0 (CA, USA).

Colony formation assay {#S0002-S2004}
----------------------

SKOV3 and HO8910 cells were planted in six-well plates with the density of 1×10^3^ cells per well. After incubated in the incubator overnight, cells were treated with 12.5 and 25 μM ABC294640 in cell culture medium. The medium should be replaced with fresh medium containing ABC294640 every 3 days. Fourteen days later, the cells were fixed with 4% paraformaldehyde (Sangon Biotech, China) and stained with 1% crystal violet (Sangon Biotech, China). Then, the plates were gently washed with phosphate-buffered saline (PBS) and dried. Any colony more than 50 cells was counted as positive under an inverted microscope by manual (Olympus). Cell clonogenic survival was normalized to DMSO vehicle control.

Cell cycle analysis {#S0002-S2005}
-------------------

For cell cycle analysis, SKOV3 and HO8910 cells were treated with ABC294640 (50 μM) for 48 hrs. Subsequently, they were collected and fixed overnight at 4°C with ice-cold 75% ethanol. After washing, 500 µL propidium iodide (PI)/RNase staining solution (BD Bioscience, CA, USA) was added to the tubes with cells for incubation in the dark for 45 mins at room temperature. The FACScan flow cytometer from Beckman Coulter (CA, USA) was used to measure cell cycle distribution.

Apoptosis assay {#S0002-S2006}
---------------

The Annexin V-FITC/PI apoptosis detection kit (BD, USA) was used to perform the cell apoptosis analysis. SKOV3 and HO8910 cells were treated with ABC294640 (50 μM) for 48 hrs. Subsequently, they were digested with 0.25% trypsin without EDTA and washed once with ice-cold PBS and once with ice-cold 1× binding buffer. Next, according to the protocol, cells were resuspended in 100 μL of 1× binding buffer at the density of 1×10^6^/mL. The cells were double stained with 5 μL of PI and 5 μL of Annexin V-FITC solution in the dark and incubated for 30 mins at room temperature. Then, 400 µL of binding buffer was added to the tubes. The fluorescence intensity was detected by FACScan flow cytometer.

Quantitative real-time PCR {#S0002-S2007}
--------------------------

TRIzol (Invitrogen, USA) was used to extract total RNA, which was reverse transcribed using the PrimeScript reverse transcription reagent kit (TaKaRa Bio, China) to obtain complementary DNAs (cDNAs). Amplification reactions were conducted using the SYBR Premix Ex Taq kit (TaKaRa Bio) and then on an ABI 7,500 real-time system (Applied Biosystems, USA). The sequences of the primers for amplifying the human genes *c-Myc, SphK2* and *GAPDH* (considered as housekeeping genes) were as follows: *c-Myc*, 5′-CGAGGAGAATGTCAAGAGGCGAAC-3′ (forward) and 5′-GCTTGGACGGACAGGATGTATGC-3′ (reverse); *SphK2*, 5′-GGTTGCTTCTATTGGTCAATCC-3′ (forward) and 5′-GTTCTGTCGTTCTGTCTGGATG-3′ (reverse); *GAPDH*, 5′-CGGAGTCAACGGATTTGGTC-3′ (forward) and 5′-CCATGGGTGGAATCATATTGG-3′ (reverse). SYBR Green RT-PCR was performed to measure mRNA levels. Using mean Ct values of the targeted genes, and paired Ct values of GAPDH as a loading control. The 2^--ΔΔCt^ method was used to calculate the difference in mRNA expression.

Small interfering RNA (siRNA) and transient transfection {#S0002-S2008}
--------------------------------------------------------

The chemically synthesized siRNAs targeting human *SphK2* (5ʹ-AACCUCAUCCAGACAGAACGA-3ʹ) and the control siRNA (5'-AAUUCUCCGAACGUGUCACGU-3') were ordered from GenePharma (Shanghai, China). Lipofectamine 2,000 (Invitrogen, USA) was used to perform the transfection of the specific siRNA. After 24 hrs of transfection, the levels of the targeted genes were detected by qRT-PCR. Forty-eight hours later, the levels of the targeted genes were detected by Western blots.

Western blot analysis {#S0002-S2009}
---------------------

The cells were lysed in RIPA lysis buffer (Beyotime, China) supplemented with protease inhibitor cocktail (MCE, USA). After sufficient lysis, the protein concentration of the sample was determined using BCA reagent (Sangon Biotech, China). After denaturing at 100°C for 10 mins, equal amounts of the lysates with 40 μg of protein were separated using 10% or 12% standard SDS gel electrophoresis and then transferred to a PVDF membrane (Millipore, MA, USA). The membrane was blocked using Tris-buffered saline with 0.1% Tween 20 (TBST) containing 5% bovine serum albumin for 1 hr at room temperature. The membranes were probed with the indicated primary antibodies in dilution buffer (Beyotime, China) at 4°C. On the second day, the membranes were washed with TBST and incubated with anti-rabbit or anti-mouse immunoglobulin G horseradish peroxidase--conjugated secondary antibodies at room temperature for 1 hr. Finally, the proteins were visualized using the ECL Western blotting kit (Meilunbio, China). The relative gray scale of each protein was analyzed using the ImageJ software.

Tumor xenograft model and treatment {#S0002-S2010}
-----------------------------------

All animal experiments followed the guidelines of the Institutional Animal Care and Use Committee of Ren Ji Hospital, and all animal protocols were approved by the same committee. 4--6-week-old nude female mice were ordered from the Chinese Academy of Sciences. Each mouse was injected intraperitoneally with 3.5×10^6^ SKOV3 cells in 200 μL of PBS to establish intraperitoneal xenograft models. After 7 days, the mice were randomly divided into two groups: control group and ABC294640 treatment group (*n*=6 in each group). ABC294640 was dissolved as a solution with a concentration of 5 mg/mL as follows: 2% DMSO+30% PEG 300+5% Tween 80+PBS. The mice in the control group were injected intraperitoneally with an equivalent amount of DMSO in PBS (vehicle). The mice in the ABC294640 treatment group were treated with ABC294640 intraperitoneally at the dose of 50 mg/kg, 3 times per week for 4 weeks. The mice were sacrificed 28 days after administering ABC294640 (35 days after injecting cancer cells). The difference in the number of visible tumors and the weight between the two groups was calculated. The maximum tumor in each mouse was immersed in tumor lysate and subjected to Western blot analysis, the rest was fixed in formalin and embedded in paraffin. The protein expression levels in tumors of the two groups were also detected through Western blot analysis and immunohistochemistry.

Immunohistochemistry {#S0002-S2011}
--------------------

Formalin-fixed, paraffin-embedded specimens were used for immunostaining. Tumor sections were dewaxed and then rehydrated. The slides were heated near the boiling stage by microwave. After blocking, the slides were incubated with each primary antibody. Sections were then incubated with secondary antibody followed by treatment with 3, 3'-diaminobenzidine and counterstaining with hematoxylin.

Image acquisition and analysis: after immunoperoxidase labeling, the sections were observed through microscopy (DM 2500; Leica, Germany). All images were acquired and processed in TIFF format, analysis was done using Image ProPlus 6 AMS software. Protein expression intensity was assessed as the integrated optical density (IOD) by estimating the area of the objects and the medium pixel intensity per object. The same light level as for incidental light without a slide was kept for each image acquired.

Statistical analysis {#S0002-S2012}
--------------------

All data were presented as mean±standard deviation (SD). Data were analyzed using the SPSS software version 24. The Student *t* test was used for comparison between two groups. When the *P*-value was less than 0.05, the difference was considered as statistically significant. Each experiment was performed independently in triplicate.

Results {#S0003}
=======

ABC294640 inhibited the proliferation of EOC cells in vitro {#S0003-S2001}
-----------------------------------------------------------

Different concentrations of ABC294640 (0-200 μM) were used to treat SKOV3 and HO8910 cells for 72 hrs to evaluate the effect of ABC294640 on EOC cell growth. The CCK-8 assay revealed that ABC294640 significantly reduced the cell viability of SKOV3 and HO8910 cells. A dose-dependent reduction in the viability was observed on EOC cell growth. The IC50 value of ABC294640 for 72 hrs was 36.91±6.61 μM in SKOV3 cells and 29.41±5.78 μM in HO8910 cells ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}), suggesting that ABC294640 displayed a similar inhibitory effect on SKOV3 and HO8910 cells. In order to investigate the long-term effect of ABC294640 on the cell viability, we used the colony formation assay. ABC294640 treatment obviously inhibited colony formation of the SKOV3 and HO8910 cells at the concentration of 12.5 μM and 25 μM, in a dose-dependent manner compared with the vehicle control group ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}). These data suggested that ABC294640 exerted a significant inhibitory effect on EOC cell proliferation. According to the IC50 value of ABC294640, the cells treated with ABC294640 at the concentrations 25 and 50 μM were selected for subsequent investigation.Figure 1ABC294640 treatment inhibited the proliferation of EOC cell lines. (**A** and **B**) EOC cell lines SKOV3 and H08910 were incubated with the indicated concentrations of ABC294640 or 0.1% DMSO for 72 hrs. The cell proliferation was measured using the CCK-8 assay. Error bars represent the SD from three independent experiments. IC50 was calculated using GraphPad 5.0. (**C** and **D**) Cells were treated with 12.5 or 25 µM ABC294640 or 0.1% DMSO (vehicle control). The remaining cells were stained with crystal violet and quantified. The experiments were repeated three times. Data were shown as percent control of vehicle-treated wells. \**P*\<0.05; \*\**P*\<0.01 versus vehicle control.**Abbreviations:** EOC, epithelial ovarian cancer; DMSO, dimethyl sulfoxide; CCK-8, cell counting kit-8.

ABC294640 induced cell cycle arrest in EOC cells {#S0003-S2002}
------------------------------------------------

The cell cycle distribution was analyzed using flow cytometry to further investigate the mechanism through which ABC294640 reduced EOC cell proliferation. The percent of cells treated with ABC294640 (50 μM) in S phase for 48 hrs was significantly lower compared with that of cells in DMSO vehicle group ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). The expression of several cell cycle checkpoint factors, including cyclin D1, *P*-Rb, and cyclin B1 was determined by using Western blot analysis to explore the underlying molecular mechanism through which ABC294640 induced S phase cell cycle arrest. As the results, the expression levels of cyclin D1, *P*-Rb, and cyclin B1 markedly reduced in ABC294640 treatment groups in a dose-dependent manner ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). These results proved that ABC294640 inhibited the proliferation of EOC cells by inducing cell cycle arrest.Figure 2ABC294640 treatment caused cell cycle arrest in EOC cells. (**A** and **B**) SKOV3 and HO8910 were incubated with 50 µM ABC294640 or 0.1%DMSO for 48 hrs, stained with propidium iodide (PI), and analyzed using flow cytometry. (**C** and **D**) Protein expression was analyzed using immunoblot analysis. The experiments were repeated three times. The experiment results are shown. \**P*\<0.05; \*\**P*\<0.01 versus vehicle control.**Abbreviations: **EOC, epithelial ovarian cancer; PI, propidium iodide.

ABC294640 induced apoptosis in EOC cells {#S0003-S2003}
----------------------------------------

Besides the alternation of cell cycle, apoptosis is also correlated with cancer cell proliferation. Annexin V-FITC/PI double staining could identify cell apoptosis. Hence, flow cytometry was performed to investigate whether ABC294640 treatment could impact the apoptosis of SKOV3 and HO8910 cells. ABC294640 (50 μM) treatment for 48 hrs caused apparent apoptosis in SKOV3 and HO8910 cells. Compared with vehicle control group, the apoptosis of EOC cells was observed after the treatment with ABC294640 ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). In addition, the expression of crucial proteins involved in apoptosis, such as Bcl-2 and cleaved-caspase 3, was determined using Western blot to further explore the mechanism of cell apoptosis induced by ABC294640. As the results were shown in [Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}, the expression levels of Bcl-2 were markedly reduced in ABC294640 treatment groups with a dose-dependent manner. Conversely, the level of the cleaved form for caspase 3 raised with the increase of ABC294640 concentration. It proved that ABC294640 could advance the activation of caspase 3. The results in [Figure 3](#F0003){ref-type="fig"} indicated that ABC294640 had great potential applications in inducing apoptosis in EOC cells.Figure 3ABC294640 treatment induced EOC cell apoptosis. (**A** and **B**) SKOV3 and HO8910 were incubated with 50 µM ABC294640 or 0.1% DMSO for 48 hrs. Cell apoptosis was measured using Annexin V/PI staining and flow cytometry analysis. (**C** and **D**) Protein expression was analyzed using immunoblot analysis. The experiments were repeated three times. Error bars represent the SD from three independent experiments. The experiment results are shown. \**P*\<0.05; \*\**P*\<0.01 versus vehicle.**Abbreviations: **EOC, epithelial ovarian cancer; PI, propidium iodide.

ABC294640 decreased the expression of c-Myc through enhancing c-Myc proteasome degradation {#S0003-S2004}
------------------------------------------------------------------------------------------

For elucidating the underlying mechanism of ABC294640-mediated EOC repression, the role of oncogene *c-Myc* was investigated in our study. As the results shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}, after treatment with various concentrations of ABC294640 for 48 hrs, the expression levels of c-Myc decreased dose-dependently. We tried to determine whether ABC294640 affected gene transcription of *c-Myc*. SKOV3 and HO8910 cells were treated with ABC294640 or DMSO for 24 hrs, and the expression of *c-Myc* mRNA was quantified using qRT-PCR. Different from protein expression levels, ABC294640 did not affect *c-Myc* gene transcription ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}), indicating that ABC294640 did not downregulate *c-Myc* expression at the transcriptional level. The expression level of c-Myc was downregulated by administration of ABC294640 in EOC cells. In order to further prove the relationship between SphK2 and c-Myc expression, we used specific siRNA for knockdown the expression of SphK2. We found that following SphK2 knockdown, the expression of c-Myc protein decreased significantly ([Figure 4E](#F0004){ref-type="fig"}, [F](#F0004){ref-type="fig"} and [G](#F0004){ref-type="fig"}). The protein expression is controlled by the rate of biosynthesis and degradation. Protein degradation has an equally important role as biosynthesis in regulating protein expression. On the basis of the fact that ABC294640 did not alter c-Myc transcription, we further investigated whether ABC294640 increased the rate of c-Myc degradation. In SKOV3, the expression of c-Myc was investigated in different groups, 0.1%DMSO vehicle buffer, treated with ABC294640 alone, MG132 (proteasome inhibitor) alone, and a combination of ABC294640 with MG132. The study showed that MG132 reproducibly protected c-Myc from degradation induced by ABC294640 ([Figure 4H](#F0004){ref-type="fig"}). Thus, the result suggested, at least in part, that ABC294640 accelerated c-Myc degradation. The above data indicated that ABC294640 did not affect the rate of *c-Myc* gene transcription, but enhanced the proteasome degradation of c-Myc to achieve the decrease in the expression of c-Myc.Figure 4ABC294640 decreased the expression of c-Myc through enhancing c-Myc proteasome degradation. (**A** and **B**) The effect of ABC294640 (25 and 50 μM) treatment for 48 hrs on the protein expression of C-MYC in SKOV3 and HO8910 cells was measured using Western blot analysis. (**C** and **D**) The effect of ABC294640 (25 and 50 μM) treatment for 24 hrs on the mRNA expression level of C-MYC in SKOV3 and HO8910 cells was measured using qRT-PCR. (**E**) SKOV3 cells were transfected with control-siRNA and SphK2-siRNA. Expression of SphK2 mRNA levels was determined by PCR and normalized to GAPDH mRNA. (**F**) Protein levels of SphK2 were determined by Western blot. (**G**) Western blot was used to detect the C-MYC protein level after the knockdown of SphK2 using siRNA in SKOV3. (**H**) SKOV3 cells were treated with 0.1% DMSO or MG132 (5 μM), followed by treatment with 0.1%DMSO or 5 0μM ABC294640 for additional 48 hrs. The protein expression of c-Myc in SKOV3 cells was measured using western blot analysis. Error bars represent the SD from three independent experiments. The experiment results are shown. \**P*\<0.05; \*\**P*\<0.01 versus control.**Abbreviations: **siRNA, small interfering RNA; Ctrl, control.

ABC294640 inhibited EOC tumor growth in mouse xenograft models {#S0003-S2005}
--------------------------------------------------------------

The effect of ABC294640 was assessed using mouse xenograft models to further explore whether it could inhibit the growth of EOC in vivo. SKOV3 cells were injected intraperitoneally in the nude mice. After 7 days of injection of SKOV3, the mice were randomly divided into 2 groups. One group was treated with ABC294640 (50 mg/kg intraperitoneally, three times per week), another group was treated with vehicle control buffer for 4 weeks. At the end of this experiment, we found that ABC294640 injection resulted in significantly decreased both tumor number and tumor weight ([Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}). Moreover, we have noticed that neither mice died nor significant difference in the body weight was observed between untreated and experimental treatment groups ([Figure 5A](#F0005){ref-type="fig"}). It suggested that ABC294640 administration caused non-toxic side effects. Furthermore, for the tumor tissue of each mouse, cell cycle- and apoptosis-related proteins were characterized by Western blot and immunohistochemical analysis. Consistent with the results in vitro, ABC294640 administration significantly reduced the expression of cyclin D1, cyclin B1, and *P*-Rb, indicating cell cycle arrest ([Figure 5D](#F0005){ref-type="fig"}). The decrease of Bcl-2 expression and the rise of cleaved-caspase 3 ([Figure 5D](#F0005){ref-type="fig"}) proved that ABC294640 also induced tumor cell apoptosis in vivo. The study also evaluated the difference in c-Myc expression between two groups. As shown in [Figure 5D](#F0005){ref-type="fig"}, ABC294640 downregulated c-Myc expression in vivo. Our results of immunohistochemical staining furtherly confirmed that ABC294640 administration inhibited the expression of cyclin D1, cyclin B1, *P*-Rb, and Bcl-2 ([Figure 5E](#F0005){ref-type="fig"}). These results suggested that ABC294640 inhibited EOC tumor growth in vivo by repressing c-Myc expression, which induced cell cycle arrest and cell apoptosis in mouse xenograft models.Figure 5ABC294640 inhibited EOC tumor growth in mouse xenograft models. (**A**) Body weight was monitored during the detectable period in nude mice. (**B**) Typical images of disseminated tumors in intraperitoneal ovarian cancer xenograft model treated with vehicle control buffer or ABC294640. (**C**) Whole tumor number and tumor weight in intraperitoneal ovarian cancer xenograft model treated with vehicle control buffer (n=6) or ABC294640 (n=6) were quantified in nude mice. (**D**) Expression levels of the indicated proteins in xenograft tumor tissues for two groups were quantified using Western blot analysis. (**E**) Expression levels of the indicated proteins in xenograft tumor tissues for two groups were quantified using immunohistochemistry. Original magnification, ×200. Representative blots from 6 mice per group with identical observations. \**P*\<0.05; \*\**P*\<0.01 versus vehicle control.**Abbreviation:** EOC, epithelial ovarian cancer.

Discussion {#S0004}
==========

This study focused on the therapeutic effect of ABC294640 on EOC. It showed that ABC294640, the selective inhibitor of SphK2, displayed anti-tumor activities in EOC. Importantly, the data proved that the intraperitoneal administration of a well-tolerated dose (50 mg/kg) of ABC294640 effectively inhibited SKOV3 xenograft in vivo. Moreover, in ovarian cancer cell lines SKOV3 and HO8910, ABC294640 caused cell apoptosis and cell cycle arrest by down-regulating cell cycle--associated proteins (cyclin D1, cyclin B1, and *P*-Rb) and activating apoptosis-associated protein caspase 3. ABC294640 inhibited tumor proliferation through inhibiting the expression of oncogene c-Myc (an important transcription factor regulating apoptosis and cell cycle) and accelerating its degradation. The findings suggested that targeting of SphK2 by ABC294640 could potently inhibit epithelial ovarian cancer growth in vitro and in vivo. These data together have provided new evidence that ABC294640 might have broad prospects for clinical applications in EOC.

Evading growth suppressors and sustaining proliferative signaling are described as the most important characteristic among 10 hallmarks of neoplastic diseases.[@CIT0025] The present study showed that the percent of cells in the S phase was significantly reduced in cell lines treated with ABC294640, implying that ABC294640 caused cell cycle arrest in the S phase in ovarian cancer ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). This study showed that ABC294640 inhibited EOC cell survival by blocking cell cycle. Cell proliferation is controlled by the activation of the checkpoints of cell cycle. If the cell receives interference from external factors during DNA synthesis and chromosomal segregation, it leads to the inhibition of activation of cyclin-dependent kinases and cell cycle arrest. Cell cycle--associated proteins, such as cyclin B1 and cyclin D1, could accelerate cell proliferation by driving the cell cycle.[@CIT0026] Cyclin D1 is one of the most important members in the cyclin protein family. Cyclin D1 promotes G1 to the S phase transformation in cell cycle by forming a complex like cyclin D1/CDK4. Therefore, cyclin D1 is regarded as rate-limiting for G1/S transition.[@CIT0027]--[@CIT0029] Furthermore, cyclin D1 binds to and activates CDK4/CDK6 to phosphorylate the protein Rb. The phosphorylation of Rb leads to the subsequent release of E2F1 and then pushes the transition of cell cycle to the S phase.[@CIT0030] The cyclin D1/*P*-Rb pathway was inhibited by ABC294640 in vivo and in vitro ([Figures 2C](#F0002){ref-type="fig"}, [D](#F0002){ref-type="fig"} and [5D](#F0005){ref-type="fig"}, [E](#F0005){ref-type="fig"}). The transition from the G1 phase to the S phase in EOC cells was blocked with the reduction of cell percentage in the S phase. The results of this study showed that ABC294640 suppressed the expression of cyclin B1 with the same performance in vitro and in vivo ([Fig 2C](#F0002){ref-type="fig"}, [D](#F0002){ref-type="fig"} and [5D](#F0005){ref-type="fig"}, [E](#F0005){ref-type="fig"}). Previous studies indicated that cyclin B1 was a key molecule in cancer cell aggressive proliferation. The expression level of cyclin B1 is correlated with the cell growth rate, and the decrease in expression of cyclin B1 led to growth arrest in vivo.[@CIT0031] For instance, the findings of the present study demonstrated that ABC294640 treatment led to the stagnation of cell cycle and inhibition of cancer cell proliferation.

Resisting cell death is described as another hallmark of neoplastic diseases.[@CIT0025] Apoptosis is a form of programmed cell death, which can be induced by a series of physical and chemical factors. Chemical agents who induce cancer cell apoptosis are considered to be potential anticancer drugs.[@CIT0032] The percentage of apoptotic cells was measured using flow cytometry and the expression of apoptosis-associated proteins was detected using Western blot analysis to investigate whether ABC294640 could induce apoptosis in EOC cells. The results of in vitro experiments showed that ABC294640 induced cell apoptosis; experiments in SKOV3 and HO8910 cells yielded the same results ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). The results in vitro and in vivo indicated that ABC294640 induced EOC cell apoptosis, inhibited the expression of Bcl-2, and increased the expression of cleaved-caspase 3 ([Figure 3C](#F0003){ref-type="fig"}, [D](#F0003){ref-type="fig"} and [5D](#F0005){ref-type="fig"}, [E](#F0005){ref-type="fig"}). Caspase 3 is an effector caspase protein that has the most important role in the mitochondria-mediated cell death pathway. Activated caspase 3 interferes DNA repair to induce cell apoptosis.[@CIT0009] According to the findings of the present study, the increase in caspase 3 cleavage indicated that caspase 3 was activated by fragmentation during ABC294640 treatment--induced apoptosis in EOC cells. ABC294640 inhibited Bcl-2 expression in a dose-dependent manner. Unlike other oncoproteins that promote cell growth and proliferation, Bcl-2 is found to promote tumorigenesis through cell death resistance.[@CIT0033] Similar to a previous study, the anticancer effect of ABC294640 in ovarian cancer cell line was achieved by inducing apoptosis through potentiating Bcl-2-associated X-protein level.[@CIT0034] This study further confirmed that ABC294640 increased the expression of cleaved caspase 3, and reduced the expression of Bcl-2 in vivo, which was consistent with the results in vitro. Taken together, ABC294640 induced EOC cell apoptosis, and the in vivo investigation further suggested that ABC294640 might be potentially applied in clinical EOC treatment. Further investigations are warranted in this regard.

Our results suggested that ABC294640 inhibited tumor proliferation by blocking cell cycle and inducing cell apoptosis. On the other hand, a previous study on acute lymphoblastic leukemia (ALL) showed that the knockdown of SphK2 decreased the expression of c-Myc.[@CIT0016] It has been well documented that c-Myc transcription factor regulates numerous malignant cell processes, including cell cycle progression, metastasis, epithelial--mesenchymal transition, and angiogenesis in many types of cancer.[@CIT0035] Among multiple malignancies, such as breast cancer, prostate cancer, lung cancer, and ovarian cancer, excessive activation of c-Myc is thought to be involved in tumorigenesis and tumor development.[@CIT0036] The overexpression of c-Myc protein is likely to promote the process of malignancy and tumor progression.[@CIT0037] High c-Myc expression is associated with high recurrence, poor overall survival, and cisplatin resistance in these patients with high-grade serous ovarian cancer.[@CIT0038] Downregulation of c-Myc may furnish a potential opportunity for EOC therapy. The downregulation of c-Myc expression could downregulate the expression of cyclin D1 simultaneously, affecting cell cycle progression.[@CIT0039]--[@CIT0041] ABC294640 reduced the expression of Cyclin D1 in EOC. For these reasons and given the close relationship between cyclin D1 and c-Myc, it is suspected the anticancer effect of ABC294640 is achieved by regulating c-Myc. Thus, the expression of c-Myc after ABC294640 treatment was detected using Western blot analysis. As a result, the expression of c-Myc was significantly inhibited by ABC294640 dose-dependently ([Figure 4A](#F0004){ref-type="fig"}, [B](#F0004){ref-type="fig"} and [5D](#F0005){ref-type="fig"}, [E](#F0005){ref-type="fig"}). It was consistent with previous data, which showed that ABC294640 downregulated c-Myc expression in multiple myeloma cells, pancreatic cancer cells, prostate cancer cells, and ALL cells.[@CIT0014],[@CIT0016],[@CIT0017],[@CIT0023],[@CIT0042] Since the drug that can directly inhibit c-Myc as a target has not yet been successfully synthesized, the most practical approach to ablating the tumorigenic effects of c-Myc is targeting upstream regulators to reduce the expression and activity of c-Myc. Hence, it is meaningful that, ABC294640, as a suppressor of SphK2, could inhibit the expression of c-Myc at the protein level in tumors. Our studies also showed that the knockdown of SphK2 by RNA interference (RNAi) reduced the expression of c-Myc ([Figure 4G](#F0004){ref-type="fig"}). The regulation of SphK2 on c-Myc in ovarian cancer needs further study. It was noteworthy that the mRNA level of c-Myc did not change significantly after treatment with ABC294640 ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). As the protein expression was determined by the equilibrium between synthesis and degradation, this study tried to determine whether the degradation of c-Myc was increased by ABC294640. The study found that with the application of MG132 could, partially, reverse the downregulation of c-Myc protein expression mediated by ABC294640 ([Figure 4H](#F0004){ref-type="fig"}), and it suggested that ABC294640 reduced the expression of c-Myc at the protein level at least in part via increasing proteasome degradation pathway.

In addition, the phase I clinical trial on the role of ABC294640 in advanced solid tumors has been completed recently.[@CIT0024] The 500 mg bid dose level of ABC294640 was chosen as the recommended dose in phase II clinical trial because it was well tolerated by patients and reached biologically relevant plasma concentration. The findings indicated that ABC294640, as an SphK2-targeted therapy, may have broad prospects for clinical applications in EOC.

Conclusions {#S0005}
===========

In conclusion, this study showed that ABC294640 could significantly inhibit EOC growth by causing cell cycle stagnation and inducing caspase-dependent apoptosis both in vitro and in vivo, which was closely related to the downregulated expression of c-Myc at the protein level. These findings provided the foundations for future exploration of this small-molecule inhibitor for the treatment of epithelial ovarian cancer.
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